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The recent observations of the global 21cm signal by EDGES and gravitational waves by
LIGO/VIGO have revived interest in PBHs. Motivated by these observations, many previous works
focused on PBHs with lifetimes larger than the present age of the Universe. On one hand, taking
into account the radiation from the gas accretion on to PBHs, the influences of the massive PBHs
(MPBH ∼ O(10
2)M⊙) on the evolution of the intergalactic medium (IGM) has been investigated by
previous works. On the other hand, considering the Hawking radiation, the similar effects of PBHs on
the IGM have also been investigated by previous works for the less massive PBHs (MPBH >∼ 10
15g).
Different from previous works, we investigate the influence of PBHs on the evolution of the IGM for
the mass range 6× 1013g <∼MPBH
<
∼ 3× 10
14g. Since the lifetime of these PBHs is smaller than the
present age of the Universe, they have evaporated by the present day. Due to Hawking radiation,
the heating effects of PBHs on the IGM can suppress the absorption amplitude of the global 21cm
signal. In this work, by requiring that the differential brightness temperature of the global 21cm
signals in the redshift range of 10 <∼ z
<
∼ 30, e.g., δTb
<
∼ −100 mK, we obtain upper limits on the
initial mass fraction of PBHs. We find that the strongest upper limit is βPBH ∼ 2 × 10
−30. Since
the formation of PBHs is related to primordial curvature perturbations, by using the constraints on
the initial mass fraction of PBHs we obtain the upper limits on the power spectrum of primordial
curvature perturbations for the scale range 8.0 × 1015 <∼ k
<
∼ 1.8 × 10
16 Mpc−1, corresponding to
the mass range considered here. We find that the strongest upper limit is PR(k) ∼ 0.0046. By
comparing with previous works, we find that for the mass range (or the scale range) investigated
in this work the global 21cm signals or the 21cm power spectrum should give the strongest upper
limits on the initial mass fraction of PBHs and on the power spectrum of primordial curvature
perturbations.
I. INTRODUCTION
Primordial black holes (PBHs) can form in the early
epoch of the Universe if there are large density perturba-
tions. Depending on their mass, PBHs can emit different
particles via Hawking radiation [1–4], which then interact
with other particles in the Universe. The evolution of the
intergalactic medium (IGM) is changed due to these in-
teractions, and these changes can influence astrophysical
observations, e.g. the global 21cm signal [5, 6].
The Experiment to Detect the Global Epoch of Reion-
ization Signature (EDGES) has reported the observation
of the global 21cm signal, which shows an absorption
feature with an amplitude of T21 ∼ 500 mK centered
at redshift z ∼ 17 and is about a factor of 2 larger
than expected [7]. According to the theory, the global
21cm signal is controlled by the evolution of the kinetic
temperature (Tk), the CMB thermodynamic tempera-
ture (TCMB) and the spin temperature (Ts). One way
to explain the large amplitude observed by the EDGES
experiment is to require the IGM to be cooler than ex-
pected, which could be caused by, e.g., the interactions
between dark matter particles and baryons [8]. Another
way is to enhance the intensity of the radio background
at low frequencies, which can be satisfied by possible ra-
dio sources [9, 10]. In general, any additional source, e.g.
the dark matter annihilation or decay, will heat the IGM
and increase the kinetic temperature [6, 10–16]. In or-
der to be consistent with the observational results of the
EDGES experiment, the properties of the dark matter
particles should be constrained [6, 10, 17–21]. As men-
tioned above, due to Hawking radiation the evolution of
the IGM can be influenced by PBHs, and therefore the
mass fraction of PBHs can be constrained by the global
21cm signal [5, 6]. In Ref. [6], the authors focused on
PBHs in the mass range MPBH >∼ 1015g and investigated
their influence on the evolution of the IGM. The lifetime
of a PBH with a mass MPBH >∼ 1015g is longer than
the age of the Universe, and therefore these PBHs have
not evaporated by the present day. Taking into account
the global 21cm signal, the authors of Ref. [6] found the
upper limits on the present mass fraction of PBHs de-
pending on the masses of PBHs, e.g., fPBH ∼ 10−9 for
MPBH ∼ 1015g. Different from Ref. [6], here we focus on
PBHs in the mass range 1013g <∼ MPBH <∼ 1014g, which
have evaporated in the redshift range 6 <∼ z <∼ 1100. In
Ref. [22], the authors investigated the influence of PBHs
on the evolution of the IGM for a similar mass range and
obtained the upper limits on the initial mass fraction
of PBHs using the Planck-2015 data, e.g., βPBH ∼ 10−28
forMPBH ∼ 1014g. For other methods and more detailed
discussions on the constraints of initial mass fraction of
PBHs see, e.g., Ref. [1] and references therein.
PBHs can be used to investigate the relevant issues of
the early Universe. For example, the initial mass frac-
tion of PBHs is related to primordial curvature pertur-
2bations [23, 24]. A nearly scale-invariant spectrum of
primordial curvature perturbations has been predicted
by many inflation models [25]. The most robust con-
straints on power spectrum of the primordial curva-
ture perturbations, PR(k), are from the observations
and studies of CMB, Lyman-α forest, and large-scale
structure [26–28], and these constraints apply on scales
10−4 <∼ k <∼ 1 Mpc−1 with a nearly invariant value
of PR(k) ∼ 10−9. Since PBHs originate from the col-
lapse of early density perturbations they can be used to
constrain primordial curvature perturbations. The up-
per limits on PR(k) from research on PBHs apply on
for scales k <∼ 1020 Mpc−1 and are about ∼ 7 orders of
magnitude weaker than that from the CMB, Lyman-α
forest, and large-scale structure [23, 29, 30]. For scales
in the range 5 <∼ k <∼ 108 Mpc−1, the upper limits
on PR(k) can be obtained from the studies on the ul-
tracompact dark matter minihalos, and these limits are
about ∼ 3 orders of magnitude stronger than that from
PBHs [31–37]. In Ref. [38], taking into account the
Silk damping effects in the early Universe, the authors
found an upper limit of PR(k) ∼ 0.06 for the scale range
104 <∼ k <∼ 105 Mpc−1. Utilizing the Planck-2015 data,
the authors of [22] obtained upper limits on PR(k) for
the scale range 8.9 × 1015 <∼ k <∼ 2.8 × 1016 Mpc−1.
In this work, using the upper limits on the initial mass
fraction of PBHs obtained from the global 21cm signals,
we obtain upper limits on PR(k) for the scale range
8.0× 1015 <∼ k <∼ 1.8× 1016 Mpc−1.
This paper is organized as follows. In Sec. II we dis-
cuss the basic properties of PBHs and their effects on
the evolution of the IGM due to Hawking radiation. The
influence of PBHs on the global 21cm signal are investi-
gated in Sec. III. We obtain upper limits on the initial
mass fraction of PBHs and the power spectrum of the
primordial curvature perturbations in Sec. IV. The con-
clusions and discussions are given in Sec. V.
II. THE INFLUENCE OF PBHS ON THE
EVOLUTION OF THE IGM
A. The basic properties of PBHs
In this section we briefly review the basic properties of
PBHs. For more detailed discussions, one can refer to,
e.g., Refs. [1–4, 29, 39–41] and references therein.
In the early epoch of the Universe, PBHs can form if
there are large density perturbations. The needed ampli-
tude of large density perturbation is generally of δρ/ρ >∼
0.3 [42]. According to the theory, a PBH can radiate
thermally with temperature [1–4, 23]
TPBH =
1
8piGMPBH
≈
(
MPBH
1013g
)−1
GeV. (1)
The mass of a PBH changes with time due to Hawking
radiation. The mass loss rate of a black hole can be
expressed as [23]
dMBH
dt
= −5.34× 1025f (MBH)
(
MBH
g
)−2
g s−1, (2)
where f(MBH) measures the number of particle species
that are emitted directly. f(MBH) can be calculated ex-
actly [1] and in this work we use the fitted formula used
in, e.g., Ref. [43],
f(MBH) =1.569 + 0.569e
−0.0234
TBH + 3.414e
−0.066
TBH
+1.707e
−0.11
TBH + 0.569e
−0.394
TBH
+1.707e
−0.413
TBH + 1.707e
−1.17
TBH
+1.707e
−22
TBH + 0.963e
−0.1
TBH (3)
where TBH is determined by Eq. (1). For the mass
range considered here, f(MPBH) is in the range 2.5 <∼
f(MBH) <∼ 6.1, corresponding to the temperature range
33 MeV <∼ TPBH <∼ 167 MeV. For this range, pions,
muons, quarks (up, down, and strange), and gluons will
be emitted [29, 44], and hadrons will be produced after
the emission of quarks and gluons through the process of
fragmentation. In this work, we will investigate the influ-
ence of PBHs on the evolution of the IGM. Based on pre-
views works, it has been found that the main influence of
PBHs on the IGM is due to electrons, positrons, and pho-
tons [5, 12]. Therefore, following previous works, we con-
sider electrons, positron, and photons that are emitted
directly by PBHs or produced indirectly through the de-
cay of, e.g., muons, pions, and other hadrons [1, 5, 6, 44].
The lifetime of a PBH with a fixed mass, τPBH, can be
obtained by integrating Eq. (2). One good approximation
of the lifetime can be written as [23]
τPBH ≈ 3× 1014
(
MPBH
1014g
)3
f(MPBH)
−1 s. (4)
According to Eq. (4), the lifetime of a PBH with mass
ofMPBH ∼ 5×1014 g is equal to the age of the Universe,
t ∼ 13.7 Gyr [45]. Therefore, for masses of MPBH <
5×1014g, PBHs have evaporated by the present day. The
final stages of PBHs, e.g., a stable Planck mass relic or
a connection to extra dimensions, have been discussed in
previous works [46–48]. Following Ref. [5], in this work
we assume that the Hawking evaporation stops at the
final stages.
B. The evolution of the IGM including PBHs
There are interactions between the particles emitted
from PBHs and that existed in the Universe. Due to
these interactions the evolution of the IGM is changed.
3The main influence of the interactions on the IGM are
heating, ionization and excitation [6, 10–13, 22, 49]. For
our purposes, the ionization fraction (xe) and the tem-
perature of the IGM (Tk) are mainly used to study the
evolution of the IGM. The evolutions of xe and Tk with
the redshift can be written as [11–13, 22]
(1 + z)
dxe
dz
=
1
H(z)
[Rs(z)− Is(z)− Iadd(z)] , (5)
(1 + z)
dTk
dz
=
8σTaRT
4
CMB
3mecH(z)
xe
1 + fHe + xe
(Tk − TCMB)(6)
− 2
3kBH(z)
Kadd
1 + fHe + xe
+ Tk,
where Rs(z) is the recombination rate, Is(z) is the ion-
ization rate caused by the standard sources. Iadd and
Kadd are the ionization rate and heating rate caused by
the additional sources. For our purposes, Iadd and Kadd
are caused by PBHs, i.e. Iadd ≡ IPBH andKadd ≡ KPBH,
and they can be written as [6, 11–13, 22]
IPBH = χif
1
nb
1
E0
× dE
dV dt
∣∣∣∣
PBH
(7)
KPBH = χhf
1
nb
× dE
dV dt
∣∣∣∣
PBH
(8)
The energy injection rate per unit volume due to PBHs
can be written as
dE
dV dt
∣∣∣∣
PBH
=
1
MPBH
dMPBH
dt
nPBH(z), (9)
where nPBH(z) is the number density of PBHs at red-
shift z. The initial mass fraction of PBHs, βPBH, can be
written as [23]
βPBH ≡ ρ
i
PBH
ρicrit
=
ρeqPBH
ρeqcrit
(
ai
aeq
)
, (10)
where a = 1/(1+ z) is the scale factor, ρiPBH (ρ
eq
PBH) and
ρicrit (ρ
eq
crit) are the mass density of PBHs and the critical
density of the Universe at the time of PBH formation
(matter-radiation equality), respectively. The scale fac-
tor is related to the horizon mass MH as [23]
ai
aeq
=
(
geq⋆
gi⋆
)1/12(
MH
M eqH
)1/2
, (11)
where geq⋆ ≈ 3 and gi⋆ ≈ 100 are the total number of
effectively massless degrees of freedom at the epoch of
matter-radiation equality and PBH formation, respec-
tively. With the above equations, the number density
of PBHs can be rewritten as 1
nPBH(z)= βPBH
(
1 + z
1 + zeq
)3
ρeqcrit
M iPBH
(
gi⋆
geq⋆
) 1
12
(
M eqH
MH
) 1
2
= 1.46× 10−4βPBH (1 + z)3
(
M iPBH
g
)−3/2
(12)
where M iPBH is the mass of PBH at the formation time
and we have used the relations and values, M eqH = 1.3×
1049
(
Ωmh
2
)−2
g, M iPBH = fMMH with fM = (1/3)
3/2,
ρcrit = 1.88× 10−29h2 g cm−3 and zeq = 3403 [23, 45].
In Eqs. (7) and (8), the factor f stands for the energy
fraction injected into the IGM due to Hawking radiation
and it is a function of redshift [14, 16, 50–52]. In general,
the energy that can be injected into the IGM is mainly
caused by electrons and photons [5, 12]. χi(h) are the
fractions of the energy deposited into the IGM for ion-
ization (heating) [5, 11–13, 52]. According to theories on
structure formation, the first stars could be formed af-
ter the redshift of z ∼ 30. These stars became the main
sources for ionization, and in this work we adopt the
model used in Refs. [10, 50]. We have modified the pub-
lic code RECFAST in CAMB2 to include the influence of
PBHs. The evolutions of xe and Tk are shown in Fig. 1.
For this figure, we have set the initial mass fraction of
PBHs as βPBH = 10
−29. Due to the influence of PBH, in
general, xe and Tk are larger than that for the case with
no PBH, which can be seen clearly in Fig. 1 especially af-
ter the redshift z ∼ 600. The details of the evolutions of
xe and Tk are different depending on the mass of PBHs.
Since we have assumed that PBHs stop evaporating at
the final stage, therefore, there are inflections in Fig. 1.
For the mass range 0.6×1014 g <∼MPBH <∼ 1014 g, PBHs
evaporate in the redshift range 30 <∼ z <∼ 300. The xe and
Tk reach their largest values at redshift of z
′ (inflections
in Fig. 1) corresponding to the lifetime of PBHs. After
the redshift z′, the evolutions of xe and Tk tend to follow
the cases without PBHs. Similar evolutions can be found
for the mass range of 1014 g <∼ MPBH <∼ 3 × 1014 g, in
which PBHs evaporate in the redshift range 6 <∼ z <∼ 30.
III. THE INFLUENCE OF PBHS ON THE
GLOBAL 21CM SIGNAL
In the early epoch, the Universe is in the ionized phase
and the temperature of the IGM is very high. With
the expansion of the Universe, the temperature decreases
1 Here we assume a monochromatic mass fraction for PBHs, and
we will investigate the extended mass spectrum for PBHs in de-
tail in future work.
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FIG. 1. The evolutions of xe and Tk for different PBH masses:
MPBH = 0.60 × 10
14g (red solid line), 1.00 × 1014g (green
dotted line) and 1.68×1014g (black dot-dashed line). Here we
have set the initial mass fraction of PBHs as βPBH = 10
−29.
For comparison, we also plot the evolutions of xe and Tk for
the case with no PBHs(thin black solid line).
and the hydrogen atoms form due to the combination
of protons and electrons at redshift z ∼ 1100. The
21cm line is related to the transition between the triplet
and singlet levels of the ground state of the hydrogen
atom. The transition energy between the two levels is
E = 5.9 × 10−6 eV, corresponding to the wavelength of
photon λ = 21 cm. The spin temperature, Ts, which is
used to describe the transition, is defined as [53, 54]
n1
n0
= 3exp
(
−T⋆
Ts
)
, (13)
where n0 and n1 are the number densities of hydrogen
atoms in triplet and singlet states, T⋆ = 0.068 K is the
temperature corresponding to the transition energy. The
spin temperature Ts is mainly effected by (i) background
photons; (ii) collisions between the hydrogen atoms and
other particles; (iii) resonant scattering of Lyα photons
named Wouthuysen-Field effect [53, 54]. Considering the
cosmic microwave background as the main part of the
background photons, the spin temperature can be writ-
ten as [50, 51]
Ts =
TCMB + (yα + yc)Tk
1 + yα + yc
, (14)
where yα corresponds to the Wouthuysen-Field effect and
we adopt the form used in e.g. Refs. [22, 50, 55],
yα =
P10T⋆
A10Tk
e
−0.3×(1+z)0.5T
−2/3
k
(
1+ 0.4Tk
)
−1
, (15)
where A10 = 2.85 × 10−15s−1 is the Einstein coefficient
of the hyperfine spontaneous transition. P10 is the de-
excitation rate of the hyperfine triplet state due to Lyα
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FIG. 2. The evolutions of the differential brightness tem-
perature δTb in the redshift range 10 <∼ z
<
∼ 300 for dif-
ferent PBH masses, MPBH = 0.60 × 10
14g (red solid line),
1.00× 1014g (green dotted line) and 1.68× 1014g (black dot-
dashed line). Here we have set the initial mass fraction of
PBHs as βPBH = 10
−29. For comparison, we also plot the
evolution of δTb for the case with no PBHs(thin black solid
line).
scattering [53, 54]. yc corresponds to the collisions be-
tween hydrogen atoms and other particles [10, 50, 55–57],
yc =
(CHH + CeH + CpH)T⋆
A10Tk
, (16)
where CHH,eH,pH are the de-excitation rate and we adopt
the forms used in Refs. [10, 55–57].
In general, the differential brightness temperature, δTb,
is used to describe the global 21cm signals, which can be
written as [10, 51, 58]
δTb = 26(1− xe)
(
Ωbh
0.02
)[
1 + z
10
0.3
Ωm
] 1
2
(17)
×
(
1− TCMB
Ts
)
mK.
Using the above equations, in Fig. 2 we display the
evolutions of δTb in the redshift range 10 <∼ z <∼ 300 for
different PBH masses. For comparison, the case with no
PBHs is also shown (thin black solid line). From Fig. 2,
it can be seen that due to the influence of PBHs the
absorption amplitude of the global 21cm signal is sup-
pressed, which is caused mainly by the heating effects
of PBHs on the IGM. Similar results can also be found
in e.g. Refs. [5, 6, 10, 50]. Depending on the different
PBH masses, the global 21cm signal exhibits different
features and there are also inflections in the plots. For
lower mass, e.g. MPBH = 0.6 × 1014 g (red solid line),
PBHs evaporate at the redshift z ∼ 200. For the red-
shifts z <∼ 200, the evolutions of xe and Tk (Fig. 1) tend
5to follow the case with no PBHs but are still larger than
that case (thin black solid line). As a result, the ampli-
tude of δTb becomes smaller than that for the case with
no PBHs. For larger mass , e.g. MPBH = 1.68 × 1014g
(black dot-dashed line), PBHs evaporate in the redshift
range 10 <∼ z <∼ 30. For this case, the absorption am-
plitude of the global 21cm signal is strongly suppressed,
and the absorption trough tends to become an emission
peak. As shown in Fig. 2, there are two absorption fea-
tures in the global 21cm signal. One is in the redshift
range 30 <∼ z <∼ 300 and another one appears in the red-
shift range 10 <∼ z <∼ 30. For the mass range considered
by us, PBHs have effects on the global 21cm signals in
both redshift ranges. Specifically, the main effects are in
the higher (lower) redshift range for the smaller (larger)
PBHs depending on their lifetime. For our purposes, in-
spired by the observational results of the EDGES experi-
ment, we have focused on the redshift range 10 <∼ z <∼ 30.
As shown in Fig. 2, for this redshift range, larger PBHs
have stronger effects on the global 21cm signal compared
with that in the redshift range 30 <∼ z <∼ 300. For the
plots, we have set the initial mass fraction of PBHs as
βPBH = 10
−29, and PBHs with larger initial mass frac-
tions (fixed mass) should have stronger effects on the
global 21cm signal. Therefore, in view of the observa-
tional results of the EDGES experiment, the initial mass
fraction of PBHs should have upper bounds, and this
issue will be discussed in the following section.
IV. CONSTRAINTS ON PBHS AND
CURVATURE PERTURBATIONS
A. Constraints on the initial mass fraction of PBHs
As the discussed above, PBHs with different masses
have a different significant influence on the global 21cm
signal. As shown in Fig. 2, the main influence is a
suppression of the amplitude of the absorption trough.
Moreover, the absorption trough could disappear or be-
come an emission peak due to the effects of PBHs with
large initial mass fractions. Therefore, the global 21cm
signal can be used to investigate the abundance of PBHs.
Recently, the global 21cm signal with a large absorption
trough was observed by the EDGES experiment at the
redshift z ∼ 17. Following previous works [6, 17], we ob-
tain the upper limits on the initial mass fraction of PBHs,
βPBH, by requiring the differential brightness tempera-
ture of the global 21cm signals to be δTb <∼ −100 mK.
In Fig. 3, we display the upper limits on βPBH for the
mass range 6 × 1013g <∼ MPBH <∼ 3 × 1014g (red solid
line). From this plot, it can be seen that the strongest
upper limit on the initial mass fraction of PBHs is
βPBH ∼ 2 × 10−30. Because we have considered the ef-
fects of PBHs on the global 21cm signal in the redshift
range 10 <∼ z <∼ 30, the strongest upper limit appears for
larger masses (longer lifetime) in the mass range consid-
ered here.
In Ref. [5], using the expected 21cm power spectrum
observed by SKA, the authors obtained the potential
upper limits on βPBH and the strongest upper limit is
βPBH ∼ 2× 1031, which is also displayed in Fig. 3 (black
dashed-dotted line). Different from this work, the au-
thors of Ref. [5] focused on the influence of PBHs on
the 21cm signal in the redshift range 30 <∼ z <∼ 300.
Therefore, as shown in Fig. 3, for the mass range con-
sidered here the constraints on βPBH are stronger for
smaller masses (shorter lifetime) than those for larger
masses (longer lifetime).
The influence of PBHs on the IGM can also effect the
anisotropy of the CMB. Therefore, CMB observations
can also be used to investigate the initial mass fraction
of PBHs. Utilizing the Planck-2015 data, the authors
of Ref. [22] obtained the upper limits on βPBH for the
mass range 2.8× 1013g <∼MPBH <∼ 2.5× 1014g, and they
found that the strongest limit is βPBH ∼ 4×10−29 (black
dotted line in Fig. 3). Since the constraints on βPBH from
the CMB data are mainly from the high redshift range,
the strongest upper limit on βPBH appears for smaller
masses3, which can be seen in Fig. 3 and is similar to
that of the 21cm power spectrum.
PBHs with masses MPBH <∼ 6 × 1013g evaporate be-
fore the recombination. Therefore, for this mass range
the constraints on the initial mass fraction of PBHs are
mainly from the BBN and CMB distortions [1, 43], and
the strongest upper limit is about βPBH ∼ 10−24. For
large masses MPBH >∼ 6 × 1015 g, the constraints on
βPBH are mainly from the lensing effect [1]. The radi-
ation from the accretion onto PBHs can also affect the
evolution of the IGM, and the CMB data can also be used
to obtain the upper limits on βPBH [59–62]. The recent
observations of gravitational waves provide an impor-
tant way to constrain the initial mass fraction of PBHs
for MPBH ∼ O(102)M⊙ [63, 64]. For other methods
and more detailed discussions about the constraints on
the initial mass fraction of PBHs, one can refer to e.g.
Refs. [1, 23, 65–78] and references therein.
As discussed above, the upper limits of the initial mass
fraction of PBHs are different for the different astrophys-
ical observations. Since the main influence of PBHs on
the CMB are on the higher redshifts, the upper limit on
the initial mass fraction of PBH with lower mass (shorter
lifetime) is stronger than that of PBHs with larger mass.
Compared with the smaller mass, as shown in Fig. 2,
PBHs with larger mass have a significant influence on
the global 21cm signal observed by the EDGES exper-
iment at the redshift z ∼ 17. Therefore, different from
the constraints from the CMB, the upper limit on the ini-
tial mass fraction of PBHs with larger mass (longer life-
time) is stronger than that of PBHs with smaller mass.
In particular, PBHs with mass MPBH <∼ 1013.8g evap-
3 PBHs with smaller masses evaporate before recombination (z ∼
1000). Therefore, as shown in Fig. 3, there is a cut on the masses
of PBHs.
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FIG. 3. Constraints on the initial mass fraction of PBHs,
βPBH, by requiring the differential brightness temperature of
the global 21cm signal to be in the redshift range 10 <∼ z
<
∼ 30
as δTb <∼ −100mK (red solid line). For comparison, the upper
limits from the Placnk-2015 data [22] (black dotted line) and
the potential 21cm power spectrum [5] (black dashed-dotted
line) are also shown.
orate at redshift z > 30. Therefore, the observational
results of the EDGES experiment cannot give stringent
upper limits on the initial mass fraction of PBHs. On
the other hand, since the lifetime of PBHs with mass
MPBH >∼ 1014.4g is larger than the present age of the
Universe, the observational results of the EDGES experi-
ment also cannot give stringent upper limits on the initial
mass fraction of PBHs. From Fig. 3, it can be seen that
the strongest upper limits correspond to the intermedi-
ate mass range, in which PBHs evaporate in the redshift
range 10 <∼ z <∼ 30.
Moreover, for the mass range 6 × 1013g <∼ MPBH <∼
3×1014g, comparing with other constraints, the strongest
upper limit on the initial mass fraction of PBHs comes
from the observations of the global 21cm signal or the
future 21cm power spectrum. In this mass range, con-
straints can also be obtained through studies of the ex-
tragalactic photon background, extragalactic antiprotons
and neutrinos [1, 29], but the constraints are weaker than
the 21cm constraints [1, 5].
B. Constraints on primordial curvature
perturbations
PBHs can form via the collapse of the large density
perturbations present in the early epoch of the Uni-
verse. The density perturbations can be Gaussion or non-
Gaussion [79]. In this work, we have considered Gaus-
sion perturbations, and in this case, in light of the Press-
Schechter theory [80], the initial mass fraction βPBH can
be written as [23]
βPBH =
2MPBH
MH
∫ 1
δc
p(δH(R))dδH(R) (18)
where MPBH = fMMH, MH is the horizon mass at
the formation time of PBHs, fM is the fraction of the
horizon mass that collapses into PBHs. δc = δρ/ρ is
the critical value of the density perturbation that can
form PBHs and here we set δc = 1/3 [39]. δH(R) is
the smoothed density contrast at horizon crossing with
R = (aH)−1. p(δH(R)) is the probability distribution of
the smoothed density contrast. For the Gaussian pertur-
bations, p(δH(R)) can be written as
p(δc(R)) =
1√
2piδH(R)
exp
(
− δ
2
H(R)
2σ2H(R)
)
, (19)
where σH(R) is the mass variance in the form of
σ2(R) =
∫ ∞
0
W 2(kR)Pδ(k)dk
k
, (20)
where W (kR) is the Fourier transform of the window
function. Pδ(k) is the power spectrum of the primor-
dial density perturbations, and it is related to the power
spectrum of primordial curvature perturbations, PR(k)
as [23]
Pδ(k) = 16
3
(
k
aH
)2
j21(k/
√
3aH)PR(k), (21)
where j1 is a spherical Bessel function. Different inflation
models predict different forms of PR(k). For the general
slow-roll inflation models, PR(k) can be written as [23,
81, 82]
PR(k) = PR(k0)
(
k
k0
)n(k0)−1
. (22)
We use this form for our calculations and for more de-
tailed discussions one can refer to e.g. Refs. [23, 32, 33].
Using the above equations and the constraints on the
initial mass fraction of PBHs, in Fig. 4, we display the
upper limits on the power spectrum of primordial curva-
ture perturbations for the scale range 8.0 × 1015 <∼ k <∼
1.8 × 1016, corresponding to the mass range considered
here. The strongest upper limit is PR(k) ∼ 0.0046. For
comparison, in Fig. 4, we also display the constraints
from the Planck-2015 and 21cm power spectrum, corre-
sponding to the constraints on βPBH shown in Fig. 3.
Similar to the discussions about the constraints on βPBH
in the previous section, for the scale range considered
here, since we have focused on the effects of PBHs
on the IGM in the redshift range 10 <∼ z <∼ 30, the
strongest upper limit appears at the smaller value of
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FIG. 4. Constraints on the power spectrum of the primor-
dial curvature perturbations, PR(k), by requiring the bright
temperature of the global 21cm signals in the redshift range
of 10 <∼ z
<
∼ 30 as δTb
<
∼ −100mK (red solid line). For com-
parison, the constraints from the Placnk-2015 data [22] (black
dotted line) and the potential 21cm power spectrum [5] (black
dashed-dotted line) are also shown.
k ∼ 1.1× 1016 Mpc−1 with PR(k) ∼ 0.0046, correspond-
ing to a larger PBH mass. For the potential constraints
from the 21cm power spectrum, since the authors focused
on the redshift range 30 <∼ z <∼ 300, the strongest upper
limit appears at the larger value of k ∼ 1.7×1016 Mpc−1
with PR(k) ∼ 0.0044, which corresponds to a smaller
PBH mass. The constraints on PR(k) from the CMB are
mainly from higher redshifts, and the strongest upper
limit appears at the larger value of k ∼ 2.8×1016 Mpc−1
with PR(k) ∼ 0.0048, corresponding to a smaller PBH
mass.
V. CONCLUSIONS
We have investigated the influence of PBHs on the
IGM due to Hawking radiation for the mass range
6 × 1013g <∼ MPBH <∼ 3 × 1014g. Particles emitted by
PBHs interact with those that exist in the Universe. Due
to these interactions, the degree of ionization and the
temperature of the IGM are enhanced after a redshift
z ∼ 1100. The changes of the evolution of the IGM
have an influence on the astrophysical observations such
as the global 21cm signal. Inspired by the recent obser-
vations on the global 21cm signal in the redshift range
10 <∼ z <∼ 30 by EDGES, we have investigated the effects
of PBHs on the global 21cm signal. We have found that
the main effect is to suppress the absorption amplitude of
the global 21cm signal, which is consistent with previous
works. By requiring that the differential brightness tem-
perature of the global 21cm signal be δTb <∼ −100 mK,
we obtained the upper limits on the initial mass fraction
of PBHs depending on their mass. The strongest upper
limit is βPBH ∼ 2 × 10−30. In previous works, for the
same mass range of PBHs, the constraints on βPBH can
also be obtained using the CMB data, the extragalactic
photon background and the potential 21cm power spec-
trum. By comparing these constraints, we found that
for the mass range of PBHs considered here the global
21cm signal or the 21cm power spectrum could give the
strongest upper limit. Since the formation of PBHs is
related to the primordial curvature perturbations, us-
ing the constraints on the initial mass fraction of PBHs
we obtained the upper limits on the power spectrum of
primordial curvature perturbations for the scale range
8.0 × 1015 <∼ k <∼ 1.8 × 1016 Mpc−1, corresponding to
the mass range of PBHs considered here. The strongest
upper limit is PR(k) ∼ 0.0046.
Previous works (e.g., Ref. [6]) also investigated the lim-
its on PBHs by requiring δTb <∼ −50 mK. The constraints
on the abundance of PBHs are about a factor of 3 weaker
for δTb <∼ −50 mK than that of δTb <∼ −100 mK. These
differences should have a slight influences on the con-
straints of primordial curvature perturbations. In this
work, inspired by the observational results of EDGES, we
focused on the global 21cm signal in the redshift range
10 <∼ z <∼ 30. As shown in Fig. 2, there are also global
21cm signals in the redshift range 30 <∼ z <∼ 300, and ob-
serving these global 21cm signals is very difficult. Future
experiments that could be run, e.g., on the Moon would
detect these global 21cm signals [83]. As discussed in
the above sections and motivated by the work of Ref. [5],
the expected 21cm power spectrum in the redshift range
10 <∼ z <∼ 30 should give stronger upper limits on βPBH or
PR(k) than that of global 21cm signal. For the redshift
range considered here, the global 21cm signal can also
be influenced significantly by other astrophysical factors,
such as the star formation efficiency, the collapse fraction
of the halos and so on [53, 54, 84]. We will investigate
these issues in future work.
In summary, we investigated the influence of PBHs on
the global 21cm signal at the redshift z ∼ 17 due to
Hawking radiation. Compared with previous works, the
new features of this work are as follows:
• We have extended the mass range of PBHs to
6 × 1013g <∼ MPBH <∼ 3 × 1014g. PBHs with
masses in this range evaporate in the redshift range
10 <∼ z <∼ 30, and they are expected to have signif-
icant effects on the global 21cm signal depending
on their initial mass fraction βPBH. Inspired by the
observational results of the EDGES experiment, by
requiring the differential brightness temperature of
the global 21cm signal to be δTb <∼ −100 mK, we
have found that the strongest upper limit of the
initial mass fraction of PBHs is βPBH ∼ 2× 10−30,
and as far as we know this is currently the strongest
upper limit for the mass range considered here 4.
4 As shown in Fig. 3, the upper limits from the future expected
8• Based on the constraints on the initial mass faction
of PBHs, we obtained the upper limits on the power
spectrum of primordial curvature perturbations for
the scale range 8.0× 1015 <∼ k <∼ 1.8× 1016 Mpc−1.
The strongest upper limit is PR(k) ∼ 0.0046, and
this (as far as we know) is currently the best upper
limit.
• For the mass range considered in this work, and af-
ter comparing with other works, we found that the
observations and studies on the global 21cm signal
or the power spectrum of the 21cm signal could give
the strongest upper limits on the initial mass frac-
tion of PBHs and the power spectrum of primor-
dial curvature perturbations. Moreover, since the
astrophysical influence on the 21cm signals are very
weak in the redshift range 30 <∼ z <∼ 300, future ob-
servations of the 21cm signals in this redshift range
(e.g., experiment on the Moon) are very useful for
the researches on PBHs.
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